INTRODUCTION

Obstacles to Vaccine Development
There are currently 40 million individuals in the world infected with human immunodeficiency virus (HIV), and nearly 16,000 new infections occur worldwide each day based on World Health Organization estimates. The search for an effective vaccine to control the AIDS pandemic is still continuing long after the discovery and isolation of HIV some 20 years ago (22, 156) . This has been due to several unique challenges that HIV-1 has presented which have confounded vaccine development.
Attempts to develop a safe and effective AIDS vaccine have been slowed, in part, by the difficulty in clearly defining specific immune responses that can prevent infection and limit disease progression. The complex structure and life cycle, as well as the high mutation rate, of HIV-1 have provided further obstacles to the development of an effective vaccine. The conserved receptor-and coreceptor-binding sites on the viral envelope (Env) glycoproteins that engage in virus attachment and fusion to host membrane receptors are camouflaged by variable residues that are glycosylated (108) . The conserved sites are also thermostably concealed (143) . These features enable the virus to evade detection by cross-reactive antibody (Ab)-producing B cells that recognize the conserved sites. The conformational flexibility of gp120 may further decrease the efficiency of presentation of receptor-binding sites to the immune system by creating an entropic barrier that must be overcome or bypassed by Abs targeting receptor-binding regions (107) . As a part of its life cycle, HIV-1 integrates into the genome of its host to form a latent provirus and escapes immune recognition by the absence of significant protein expression (63) . The high error rate of the reverse transcriptase (158) , combined with the rapid turnover of plasma virions (87) , has further hindered the development of an effective vaccine by supplying a broad range of variants for selection and escape from both cellular and humoral immune responses (57, 153) . Another consequence of its high mutation rate is the unusual degree of diversity of the virus. Presently at least 12 known genetic subtypes of HIV-1 which are rapidly diversified to yield intersubtype recombinants exist in humans (105, 135) and present an even greater challenge for development of a universal AIDS vaccine.
Attributes of an Ideal Vaccine
As with most prophylactic and/or therapeutic antiviral vaccines, two potential sites of action for an HIV vaccine are viral entry and viral replication. Viral entry can be inhibited by neutralizing Abs that specifically target epitopes on the viral envelope, while viral replication can be hindered by cell-mediated immune responses that can potentially target any of the epitopes derived from viral proteins produced during the viral life cycle, as indicated in Fig. 1 . An ideal HIV vaccine should ultimately confer sterilizing immunity by eliciting the production of broadly cross-reactive neutralizing Abs that block virus entry and aid in clearance of the infection. To date, it has proved difficult to generate vaccines capable of eliciting these specific Abs (153) , for reasons discussed previously such as poor accessibility of conserved receptor-binding sites, extensive glycosylation, and antigenic variation of gp120 (158) . The interactions between the virus membrane and host cell membrane are complex and involve different fusion intermediates, as indicated in Fig. 2 . Vaccines need to elicit Abs that target unique complex epitopes as well as trimeric fusion intermediates for efficient inhibition of virus binding and entry. An understanding of the different possible conformations of HIV-1 gp160 in the context of a monomer and a functional envelope glycoprotein complex may enable the development of newer, sophisticated envelope vaccine immunogens to prevent HIV-1 infection. Presently, it seems most likely that HIV-1 vaccines can be developed which contribute to the containment of the virus after infection by priming cellular immune responses. These include induction of cross-reactive antiviral T cells, particularly cytotoxic T lymphocytes (CTLs) that can kill virusinfected cells. Such T-cell-based vaccines would not prevent infection but can control virus replication. Several lines of evidence indicate that a strong CD8 CTL response is critical for the control of HIV-1 infection (74, 170) .
Three different mechanisms of CD8 T-cell-mediated control of HIV infection are currently known: (i) cytolytic killing of infected cells, (ii) secretion of soluble factors that suppress viral replication (114) , and (iii) blocking of viral entry by secreting chemokines, such as macrophage inflammatory protein 1␣ (MIP-1␣), MIP-1␤, and RANTES (regulated on activation, normal T-cell expressed and secreted), that compete with the virus for binding to chemokine coreceptors (69) .
Recent T-cell epitope mapping studies have revealed a considerable intra-and intersubtype conservation among the ϳ200 specific epitopes mapped for various proteins of the virus, providing an additional incentive to devise T-cell-based vaccines. In fact, the majority of the vaccine approaches currently under development are aimed at generating high levels of antiviral T cells.
ANIMAL MODELS FOR EVALUATION OF VARIOUS VACCINES
Vaccine efficacy studies are routinely assessed in animal models following natural or experimental infection of animals with animal lentiviruses such as HIV-1 and HIV-2 or following FIG. 1. Potential targets for an HIV-1 vaccine. HIV-1 vaccines can be designed to prevent virus entry and/or to control virus replication. To block virus entry, an HIV-1 vaccine should elicit neutralizing Ab against surface glycoproteins on the viral envelope, such as gp120 and gp41, that mediate binding and entry into host cells; to control virus replication, an HIV-1 vaccine should elicit cell-mediated (T-cell) immune responses to peptide epitopes derived from other structural components of the virus such as the matrix, capsid, nucleocapsid, viral enzymes (reverse transcriptase, protease, and integrase), and accessory proteins (vpr, vpu, nef, p7, rev, and tat). su, surface; tm, transmembrane.
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Transgenic Mouse Models
Transgenic mouse models may be used to test the mechanism of action of certain antiviral compounds in vivo, although to date these studies have not been pursued. The dissimilarities between the immune systems of transgenic mouse models and humans limit their use in vaccine development.
SCID Mouse Models
SCID mice (mice with severe combined immune deficiency) effectively lack an adaptive immune system (i.e., they have no functioning T or B lymphocytes) and as such are permissive, when reconstituted with human tissues such as liver and thymus and peripheral blood leukocytes, for infection with HIV. N peptides and C peptides or anti-gp41 Ab (ab) are thought to prevent transition to the hairpin/fusion structure. The C-heptad repeat folds back onto the N-heptad repeat to generate the trimer-of-hairpins in the fusion structure. This brings the two membranes into close proximity, driving fusion (postfusion structure). Current strategies targeting inhibition of virus entry aim to design structured envelope vaccines that block the complex virus-host cell membrane fusion intermediates as indicated in the figure. gp, glycoprotein; ab, Ab that binds the C region of gp41; CD4-bs, CD4-binding site; co-bs, coreceptor-binding site. See the text for additional references. To date, this model has been utilized, with some degree of success, for testing anti-HIV-1 agents as well as assessing the potential in vivo HIV-1 neutralization efficacy of some humanized and human monoclonal Abs (139) . In principle, since human peripheral blood leukocyte-reconstituted SCID mice synthesize human Abs, this model could be used to assess the efficacy of different HIV-1 vaccine preparations and delivery platforms. One problem with the use of this model for vaccine testing, however, is the variability of reconstitution and the small numbers of animals that can be developed for study at any time. Nevertheless, this mouse model could be potentially useful for assessing the efficacy of certain vaccines. The utility of this model needs to be further explored.
Animal Lentivirus Models
The HIV-1 and HIV-2 isolates are members of the lentivirus family that endemically infect nonhuman primate species in Africa. These nonhuman primate viruses, known as simian immunodeficiency viruses (SIVs), do not cause disease in their natural host species. Depending on the SIV isolate used and the host macaque monkey employed, they do cause AIDS to various degrees when inoculated experimentally in Asian or cynomologous macaques (71, 86, 160) .
SIV-rhesus macaque models recapitulate several pathologic features of HIV-1 disease in humans. However, there is some dissimilarity in the genomic organization of SIV and HIV-1, as well as in important features of pathogenesis, that could affect vaccine efficacy. The SIV viral accessory protein Vpx is not found in HIV-1, while the vpu gene product in HIV-1 is not found in SIV and the functions of Vpr also differ between the two viruses. Furthermore, there are antigenic and structural differences between viral envelopes of SIV and HIV-1. While macrophage-tropic SIV and HIV strains utilize CCR5 as the chemokine coreceptor to facilitate viral entry, T-cell-tropic SIV strains do not always utilize CXCR4 as do T-cell-tropic HIV strains. These differences have limited the utility of the SIV-macaque model for evaluating HIV-1 envelope-based vaccine strategies. Progression to disease in macaques following SIV infection is a lot faster than in humans infected with HIV. Furthermore, the challenge doses of the virus used in these models are several orders of magnitude higher than the doses of HIV encountered normally by humans. It is important to consider these factors in making meaningful interpretations of the protective effects of vaccine strategies tested in this model.
Chimeric viruses that express HIV-1 envelope glycoproteins on SIV backbones, known as simian human immunodeficiency viruses (SHIVs) (92, 115, 116, 124) , have been developed. Importantly, some of these viruses like SHIV-89.6P following passage in macaques have been shown to cause rapidly progressive AIDS-like disease in macaques (163) . Some concern about using SHIV-89.6P to evaluate AIDS vaccines is that this virus has evolved to use only CXCR4 whereas most HIV-1 strains transmitted between humans use CCR5 as the principal coreceptor (62, 134, 171, 193) . Additionally, macaques infected with pathogenic SHIV display a more rapid and higher peripheral CD4 T-lymphocyte loss in comparison to the CD4 T-cell loss induced by HIV-1 in humans. Interpretations regarding vaccine efficacy in SHIV-macaque models may not be relevant or applicable to humans in the context of HIV-1 infection due to these differences in host-virus interactions and disease patterns. Nonetheless, this remains an important and highly defined challenge model.
An effective HIV-1 vaccine for humans should be able to prevent the spread and expansion of R5 viruses early after virus encounter or infection. To this end, alternate models that use R 5 SHIVs such as SHIV-162P-macaque models are being developed (81) . Macaque monkeys infected with SHIV-162P do not exhibit a rapid and precipitous loss of CD4 T cells (163) . A recent study (194) using a SHIV-162P-macaque model has demonstrated the prevention of virus transmission to macaque monkeys by a vaginally applied monoclonal Ab to HIV-1 gp120. These models may also be useful to retest vaccine concepts that were shown to be effective in earlier SHIV-89.6 macaque models. A recent problem uncovered in these studies relates to the major histocompatibility complex (MHC) haplotype and spontaneous control of infection. (144, 186, 216) . Some haplotypes can spontaneously control SIV and SHIV challenge. Therefore, haplotypes must be considered when designing vaccine studies in macaques.
HIV-1 Infection Models
Apart from humans, HIV-1 can also infect great apes such as chimpanzees and bonobos. One HIV-1 infection model that has been studied is the HIV-1-infected chimpanzee. This model facilitates a direct preclinical analysis of candidate antiviral compounds and vaccines. However, it has several weaknesses. Although vaccine strategies have protected chimpanzees from infection by weakly replicating HIV-1 isolates (30), there is no or very little detectable viral RNA in the plasma of animals infected chronically with primary patient HIV-1 isolates. Additionally, these isolates replicate poorly in chimpanzees and do not induce disease. To date, only one chimpanzee has developed AIDS following HIV-1 infection (149) . There are species differences in the host response to virus between primates and humans, as indicated by resistance of chimpanzees to infection by CCR5-tropic isolates that cause infection and disease in most humans (149) . Thus, the relevance of vaccine protection in the chimpanzee model has been the subject of considerable controversy. Questions arise regarding extrapolation of the model to human infections, where disease is one outcome of infection. In contrast, chimpanzee models of hepatitis B that have had similar limitations have been effective for supporting the development of vaccines against this viral agent. A pathogenic HIV-1 isolate in chimpanzees that causes CD4 T-cell loss and persistent viral loads has been recently characterized (148) and may yet provide an opportunity to assess vaccine efficacy in a chimpanzee model of a pathogenic HIV-1 infection. Unfortunately, major drawbacks of the chimpanzee model include its high cost as well as the extreme scarcity of animals and the ethical issues involved in using this animal species in lethal challenges. At present, the weaknesses of using this model appear to outweigh the potential benefits.
Another important limitation shared among the primate animal models is that the animals are not inbred. This generates diversity in challenge take and poses issues for immune monitoring. Further, the supply of animals for large-scale testing is limited. Nevertheless, these models have proven to be particularly powerful systems for study of AIDS models by providing VOL. 17, 2004 DNA VACCINES AGAINST HIV-1 373 the means of assessing the prophylactic and/or therapeutic efficacy of a variety of vaccines. The collective features of these systems teach us something important about each potential vaccine candidate.
EARLY VACCINE APPROACHES
Conventional vaccine approaches that have proven effective in preventing disease from a variety of pathogens, such as live attenuated virus (Sabin polio vaccine, measles vaccine, and chickenpox vaccine), inactivated or killed vaccines (Salk polio vaccine and hepatitis A vaccine), recombinant proteins (hepatitis B vaccine), and toxoids (diphtheria vaccine), have been utilized to various degrees in potential HIV vaccine strategies. However, these strategies have significant risk that counters their success in protecting against HIV-1 infections, as indicated (Table 2 ). Preliminary studies with the SIV-macaque model suggested that genetically modified viruses that were infective but pathogenically attenuated (nef-deleted SIV) could serve as vaccines that prevented subsequent infections with wild-type virus (50) . However, later studies revealed that many newborn or adult monkeys infected for long durations with such vaccine strains of virus may eventually succumb to disease and die (12) . A similar occurrence was reported for a group of Australian blood recipients infected with mutant HIV lacking the same regulatory nef gene that would be removed from the vaccine virus (109) . None of these individuals developed symptoms, and all maintained normal CD4 T-cell counts for more than 10 years. However, follow-up data from these patients have revealed T-cell declines remarkably similar to those heralding AIDS in vaccinated monkeys infected with a pathogenically attenuated, replication-limited HIV strain and that subsequently developed an AIDS like disease (89, 110) . An AIDS vaccine must, ultimately, be safe, and at present it seems that the genetically attenuated live-vaccine approach is unlikely to uncouple the level of infectivity needed to elicit protective immune responses from the pathogenicity of infection. Therefore, efforts at developing live attenuated HIV-1 vaccines are now minimal.
Inactivated viral vaccines assessed in the SIV-macaque model have also yielded disappointing outcomes. These vaccines failed to elicit broad and vigorous protective responses (140) . Moreover, protection in this model was not demonstrated when the vaccine and challenge virus strains were even slightly different genetically or when the vaccinated monkeys were challenged shortly after peak immunity was reached. Some studies have suggested that the protection in this model may have reflected an experimental artifact (184) . Inactivated vaccines evaluated in limited early-phase human immunogenicity trials (113) also have proven to be disappointing, eliciting neither neutralizing antibodies nor cytotoxic T-lymphocyte (CTL) responses, since they retained very little viral envelope glycoprotein and additionally did not initiate protein synthesis in cells. Therefore, as is the case for live vaccines, more research is needed before inactivated HIV-1 immunogens can be developed as vaccines.
The use of highly purified recombinant proteins or peptides as vaccines was tested in a nonhuman primate model using recombinant HIV envelope glycoprotein as an immunogen. Vaccinated animals were only modestly protected and only when the challenge virus and immunizing virus had the identical envelope glycoprotein sequence (25) . Ab responses elicited in early-phase human trials were similarly modest in titer, and the Abs exhibited a restricted ability to neutralize the range of HIV isolates tested. Furthermore, as expected, these subunit immunogens did not elicit CTL responses. The results of a phase III study of the envelope immunogen, recombinant gp120 (rgp120), have been recently announced and showed that there was not a statistically significant reduction of HIV infection within the study population (93, 200) . Another phase III study using the same immunogen is nearing unblinding. These results were suggested by the prior clinical studies. Despite their failure to demonstrate the desirable level of protection in vaccinees, these trials have greatly advanced HIV vaccine research and development by proving that a true phase III trial can be effectively designed, implemented, and completed. It is likely that the outcome of these studies will significantly influence the concept of envelope subunit immunogens and their implementation in HIV vaccine development studies. More recent studies attempting to develop designed envelope subunit immunogens are testing many exciting concepts and, while only in the early stages, are likely to influence vaccine design well beyond HIV vaccines (Fig. 2) .
NOVEL VACCINE APPROACHES
The inability of traditional vaccine approaches to generate a suitable vaccine for HIV-1 prompted the quest for the development of novel vaccine strategies. Among the most promising of these approaches is the use of live recombinant vectors and plasmid DNA immunogens.
Live Vaccine Vectors
In the live vaccine vector technology, genes of HIV are molecularly cloned into live, replication-competent or incompetent microorganisms and immune responses develop to both the vector and to the HIV open reading frame product carried by that vector. Such immunogens have proven particularly useful for eliciting CTLs, since the replicating vector produces HIV proteins intracellularly, allowing them to enter the MHC class I processing pathway. In certain cases, the vectors have (11), and adeno-associated viruses (118) . Recombinant vaccinia virus, tested as a vaccine candidate in nonhuman primates, was shown to elicit CTL responses to HIV and SIV proteins (173); however vaccinia virus may disseminate in immunocompromised humans, causing fatal encephalitis (162) . Attenuated poxviruses such as modified vaccinia Ankara (MVA) and NYVAC, obtained by genetic deletions following serial passages of the parental strain, have been shown to elicit reasonable immune responses in nonhuman primate models and are soon to be evaluated as HIV vaccine vectors in early-phase human testing. Avian poxviruses such as the recombinant canarypox virus constructs have also undergone extensive human testing (58) . These vectors have proven to be safe and immunogenic, and an efficacy trial for a recombinant canarypox virus immunogen in Southeast Asia is currently under consideration. In SHIV challenge models, impressive levels of virus containment and protection from disease have been achieved by both the adenovirus-based approach and a vesicular stomatitis virus (VSV)-based approach. These results have propelled the recombinant virus vector field to a higher level of promise and scrutiny. Furthermore, the use of adenovirus vectors to elicit cellular immunity in small phase II human studies appears encouraging. The E1-and E3-deleted replication-incompetent serotype 5 adenovirus (Ad5), has demonstrated impressive immunogenicity in both murine and nonhuman primate studies (176) .
The presence of preexisting immunity to the vector presents a major challenge in using this approach. Nearly 45% of the U.S. population have neutralizing Abs that are specific for Ad5 (61) . Individuals who are now receiving smallpox vaccinations will develop preexisting immunity to MVA. Utilization of higher vaccine doses, as well as heterologous prime-boost protocols, can overcome the problem of preexisting immunity. The preferred approach to overcome this problem is to immunize a vector-naive population. However, the existence of a vectornaive population would be practically improbable, given the high likelihood for exposure of an individual to the range of microorganisms in a lifetime. An alternate approach would be to immunize with an agent for which preexisting immunity does not exist, such as DNA. This establishes a memory T-cell pool for the antigen of interest. The live recombinant booster vector would then have to achieve only the minimum level of infection required to enhance the primed immune response. One could also use adenovirus isolates of unusual serotypes to which most humans have not been previously exposed or adenovirus isolates from nonhuman primate species to construct similar vaccines with comparable immunogenicity. It is likely that vectors derived from such viruses may not be immunogenic in humans since they do not naturally infect humans.
Alphaviruses employed in the construction of replicasebased DNA vaccines to increase Ag production from nucleic acid vaccines (85, 218) express Ag under the control of an alphavirus replicase enzyme that is used by the alphavirus to produce a very large number of viral copies. It was recently demonstrated (111) that replicase-based DNA vaccines could activate the innate antiviral host mechanism such as doublestranded RNA-dependent pathways (RNA-dependent protein kinase and 2Ј-5Ј-A synthetase or RNase L pathways), accounting for their heightened immunogenicity. Activation of these pathways in alphavirus-transfected cells leads to cellular apoptosis and cross-presentation of Ag, yet another mechanism that has previously been shown to stimulate the immune system (5, 43) . Therefore, the use of replication-incompetent virus particles (replicons) or vectors to deliver either DNA or RNA vaccines has potential for facilitating immune priming in two ways: cross-priming and direct targeting of DCs. Furthermore, the induction of apoptosis represents an additional safety feature of replicase-based vaccines. Hence, construction of such DNA vaccines that deliver stronger "adjuvant-like" signals to the innate immune system would enable the development of more powerful vaccines while circumventing the side effects of strong adjuvants.
Bacterial vectors that can be administered orally to facilitate worldwide administration are also undergoing development. For example, Salmonella vectors have been developed for oral delivery of HIV antigens and have generated some interesting preclinical results (172) . Recombinant Listeria monocytogenes has been evaluated as a vector to express the HIV Gag protein in murine models (65, 130, 131) and has successfully been shown to elicit Gag-specific CTL and CD4 T-cell mucosal responses following a systemic immunization (117) . Macaque safety and immunogenicity studies using a highly attenuated L. monocytogenes vector expressing HIV gag produced by genetically disrupting genes required for the biosynthesis of the bacterial cell wall are about to begin. A recent study with mice (211) demonstrated that recombinant Shigella encoding p55 Gag can elicit Gag-specific immune responses to a comparable degree to naked DNA Gag-encoding plasmid when used as a priming agent or as a booster following an initial DNA plasmid prime. In these mice, intranasal delivery of recombinant Shigella elicited immune responses in the lungs in addition to the spleen. Additional studies with nonhuman primates are needed to address the utility of recombinant Shigella vectors for immunization against HIV-1. Bacille Calmette-Guérin (BCG), an attenuated preparation of Mycobacterium bovis, is also being explored as a vaccine vector candidate because it establishes a chronic, persistent infection like HIV and has proven to be safe in worldwide use. Limited studies with rhesus monkeys have indicated that infection with recombinant BCG can elicit AIDS virus-specific CTL responses (214) . Overall, most of these live-vector approaches alone may elicit only the minimal level of cellular immunity thought by many AIDS researchers to be necessary to support clinical evaluation of these approaches. Accordingly, combination approaches may be very important.
Nucleic Acid-Based Vaccines
DNA-based vaccines and, to a lesser extent, RNA-based vaccines have been investigated as potential HIV vaccine candidates. mRNA transfection for Ag delivery to DCs has been used to induce potent T-cell-based antitumor immunity in vivo and in vitro (28, 46, 47, 72, 145) . Transfection of DCs with mRNA encoding the HIV core protein Gag resulted in potent VOL. 17, 2004 DNA VACCINES AGAINST HIV-1 375 primary CD4 and CD8 T-cell immune responses in an in vitro system (201) , with the generation of frequencies of Ag-specific cells similar to that observed in in vivo model systems (130) . This study demonstrated an extremely efficient ex vivo delivery of encoded Ag to DCs since Gag mRNA-pulsed DCs had expressed the encoded protein in 90% of the transfected DCs. The mRNA transfection was also shown to induce a DC maturation signal. This study represents one of the few addressing the use of RNA plasmids as potential vaccines. Further studies to evaluate the potential of RNA-based vaccines are under way. The use of RNA vaccines circumvents the requirement for entry of a plasmid into the nucleus prior to being expressed, a challenge often encountered with DNA vaccine strategies. However, one major drawback of RNA vaccines is the inherent instability of RNA compared to DNA, particularly for in vivo delivery. This instability is yet to be addressed. Hence, the more clinically advanced strategy of the two nucleic acid-based vaccine approaches and the more extensively applied in HIV vaccine development is the DNA-based vaccine modality.
WHAT ARE DNA VACCINES AND WHY DO WE NEED THEM AGAINST HIV-1?
DNA-based immunization refers to the induction of an immune response to a protein Ag expressed in vivo following the introduction of vector-carried DNA encoding the polypeptide sequence. In most cases, these vaccines can be designed simply. The transcription unit in a plasmid DNA vaccine encodes the antigen of interest that is expressed by a promoter such as the cytomegalovirus or ␤-actin promoter. The viral cytomegalovirus promoter currently appears to be an excellent choice for attaining reasonable Ag expression (186) , as well as with limiting safety concerns. A poly(A) tract is incorporated into the 3Ј end of the sequence to ensure mRNA stability and proper translation of the transcribed gene product. The first reported use of this vaccine modality for HIV was by Wang et al. (195) . Plasmid DNA can be injected into skeletal muscle or inoculated as plasmid-coated gold beads by a gene gun into the epidermis. The protein is expressed in transfected mammalian cells, including macrophages and DCs, and enters into both the MHC class I and II processing pathways, where it can support the expansion of both humoral and cellular immune responses (40, 54, 136, 186, 205) . The use of plasmid DNA offers many potential vaccine advantages, including quick and easy manufacturing, better quality control, and nonintegration of the plasmid DNA. The rates of integration-induced mutation in animal models were found to be much lower than the rates of spontaneous mutation for a mammalian genome (129, 147) . Thus, DNA vaccine vectors, in addition to being safer, retain the advantages associated with using live vectors such as immunogenicity and ensuring delivery of the Ag protein in its correct and native conformation. Additionally, these vaccines are heat stable and easily transportable when stored in lyophilized form and can be engineered to express artificial immunogens and coexpress immunomodulatory proteins. Their simplicity of design and development of DNA vaccines and the power they bring to the development of subunit vaccines that are expressed in cells have made them extremely popular over the past decade. This, accompanied by their ability to prime both CD4 and CD8 responses, has made DNA vaccines a particularly valuable modality in the design of HIV-1 vaccines. Most important, however, for HIV vaccine development has been their ability to modulate viral replication in primate challenge systems.
MECHANISMS OF ANTIGEN PRESENTATION
There are currently three proposed mechanisms for antigen presentation and immune cell activation following DNA plasmid administration, as shown in Fig. 3 .
Lymphocyte Priming by Transfected Somatic Cells
Somatic cells such as myocytes or keratinocytes express MHC class I constitutively, and myocytes express protein (147) and elicit CTL responses (192) after being directly transfected with DNA plasmids. These studies suggested that myocytes could activate CD8 T cells directly. However, these cells do not express conventional costimulatory molecules, and subsequent studies to elucidate the mechanism of immune priming by muscle cells, using bone marrow chimera experiments (1, 189), provided clear evidence that myocytes do not directly activate CTLs. Both keratinocytes in the skin and myocytes may play a role in regulating the magnitude and duration of Ag-specific responses by serving as Ag reservoirs.
Lymphocyte Priming by Transfected APCs
Ag-presenting cells (APCs) at the sites of immunization have been proposed to prime immune cells, including CD4 T cells, CD8 T cells, and B cells, following direct transfection (16, 152) . Professional APCs such as epidermal Langerhans' cells, macrophages, and interstitial DCs have been shown to contain the plasmid following either intramuscular DNA immunization (35, 42) or gene gun delivery of plasmid (45) . Transfected DCs that primed immune responses in these studies (3, 34, 157) constituted a mere fraction (0.4%) of the bone marrow cells, indicating their high efficiency as well as their critical role in stimulating antigen-specific immune responses following Ag expression in them.
Cross-Presentation
A final mechanism that is now receiving considerable research attention is cross-priming. The basis of cross-priming stemmed from the observation that professional APCs could present Ag or peptides derived exogenously rather than from the classical endogenous pathway via the MHC class I pathway of Ag presentation (59, 80, 183, 190) . For DNA vaccines, there is considerable evidence (3, 48, 66) to suggest that cross-priming may be another mechanism of Ag presentation and priming of immune responses following DNA delivery to cells. A test Ag expressed by transfected myoblasts of one haplotype was able to cross-prime a CTL restricted to another MHC haplotype when transferred to F 1 recipient mice (191) . In fact, recent reports have elegantly demonstrated immune activation via cross-priming by APCs that process secreted peptides or proteins from phagocytosed apoptotic bodies (4, 5, 169) . The cellular mechanisms by which cross-priming occurs are still undefined, but they involve the internalization and intracellu-lar processing of exogenous protein Ags by APCs for presentation by MHC class I molecules and priming of CTL responses (26) . The source of Ag may be inoculated protein (derived from a vaccine), proteins from a circulating pathogen, or proteins released by cells (during an infection). This process may involve whole protein, peptide fragments of these proteins, complexes with heat shock proteins (182), or apoptotic bodies from dying cells (4) . A specialized subset of APCs containing functional transporter-associated peptide-encoding genes (90) have the ability to internalize and process these Ags in a manner distinct from the classic pathway of MHC class I presentation of newly synthesized proteins. A DNA vaccine vector driven by a muscle-specific promoter was capable of inducing a full range of immune responses, including CTLs, in mice (120) . The fact that CTLs were primed by a DNA vaccine that expressed Ag only in a non-APC (i.e., muscle cells), regardless of which cells internalized the plasmid, indicated that cross-priming was involved. Corr et al. (48) used an expressionsuppressible plasmid system (a tetracycline-responsive promoter system to regulate plasmid gene expression) to separate transport of the plasmid and protein from the site of injection.
Mice lacking B and T cells (RAG
Ϫ/Ϫ [recombinase-activating genes]) were immunized with and without the suppressing drug. Splenocytes (APCs) from these mice were injected into recipient mice and assessed for their ability to prime a CTL response. Recipient mice that received splenocytes from mice without suppressive treatment mounted a greater CTL response, suggesting that exogenous transfer was important for the magnitude of the response. Additionally, a CTL response was not induced when the site of plasmid injection was ablated by amputation and the suppressing drug was subsequently removed, indicating that the magnitude of the immune response is dependent on Ag produced by transfected nonlymphoid cells. Additionally, the immunogenic protein was expressed predominantly locally at the site of injection and not in the draining lymph nodes or spleen. These investigators also used bone marrow chimera experiments to elegantly demonstrate that cross-priming played a major role in eliciting the immune response to the Ag following Ag-encoding DNA plasmid injection. In these experiments, they generated chimeric mice that had a transgenic transcriptional transactivator in their resident tissues or in their adoptively transferred bone marrow. The transactivator was required for high levels of plasmid DNA expression. They observed that wild-type mice with transgenic bone marrow had weaker CTL and humoral responses than did transgenic mice with wild-type bone marrow after injection of plasmid DNA, supporting the importance of cross-presentation wherein nonlymphoid tissues predominantly expressed Ag peptides encoded by plasmid DNA, which were then transferred to APCs to stimulate the bulk of the immune response. Furthermore, B7.2 as a part of a DNA vaccine can allow for muscle-specific T-cell priming (1). Thus, both direct transfection of APCs and cross-presentation have been shown to contribute to immune responses following plasmid transfection. The degree to which any of these mechanisms contribute to this DNA vaccine-driven immune expansion is still very much under investigation. However, it is clear that DNA vaccines, under the right circumstances, can produce immune responses mimicking live responses.
METHOD AND ROUTE OF ADMINISTRATION
The nature of immune responses to DNA vaccines can be influenced by the transfection method used (and therefore the types of cells transfected) and the route of immunization (192, 68, 51, 132) (Table 3 ). The most widely used strategies for application of DNA vaccine vectors are intramuscular needle injections and intradermal inoculation using a gene gun (186) . Noninvasive methods of plasmid delivery shown to induce antigen-specific immune responses involve topical application of the plasmid to the skin or mucosa either orally (56), intranasally (78, 104, 106) , or intravaginally (14, 197) . Delivery methods such as intradermal injection, gene gun bombardment, and topical application that targets the skin elicit a humoral response associated with the production of Th2-type immunoglobulin A (IgA) and IgG1 Ab isotypes (31, 60, 67, 154) . Intramuscular injections, on the other hand, induce cell-mediated responses that prime CTLs and elicit the production of Th1-type IgG2a Ab (177) . Typically, intramuscular immunization via saline needle injections requires 100-to 1,000-fold more DNA than does gene gun immunization in order to generate an equivalent antibody response (154) . One explanation for this difference in the efficiency of DNA-elicited immunity is that cells take up DNA from extracellular spaces following saline-DNA immunization (51, 204, 205) while gene gun DNA immunization directly transfects cells by depositing DNA-coated gold beads within the cell cytoplasm (55) . Furthermore, DNA inoculation into the skin and muscle transfects different types of cells. Intramuscular delivery of DNA leads to the expression of protein in skeletal muscle cells (205) . Professional APCs such as macrophages or tissue DCs within skeletal muscle may also be transfected (42, 152) . Intradermal saline injections and gene gun delivery of DNA result in Ag expression primarily from keratinocytes, although there have been reports of expression from occasional dermal fibroblasts (84, 161) . Subcutaneous or intradermal delivery of Ag can generate a strong cellular and humoral response, while oral or intravenous delivery of the same Ag can induce tolerance, resulting in unresponsiveness. For instance, the influenza virus hemagglutinin (HA) protein injected intramuscularly was shown to elicit a different anti-HA Ab isotype profile from the one elicited when it was given intranasally (88) .
The use of these different routes and methods of delivery of DNA vaccines in general has been more potent in smaller animals and not as effective in primates. Thus far, there have been only a few cases where immune responses were noted in humans, and the magnitude of these responses has not been substantial (33, 125, 199) . One reason for this lack of efficiency in responses may be a low uptake of DNA. To overcome this limitation, other methods are being pursued in vivo.
The electroporation method is a physical method for delivery of compounds as well as genes to tissues in vivo. Confined short electrical pulses are delivered to target cells and tissues at levels which increase cell permeability without killing the cells, enabling hydrophilic drugs as well as DNA to pass through the cell membrane. Electroporation has been used to effectively deliver chemotherapeutic agents to tumors in animals and in humans. The first report that electroporation could transfect cells in vivo with plasmid DNA came when Titomirov et al. showed reporter gene expression in skin cells of mice (187) . Since then, this technique has been applied to many other tissues in mice and rats, such as skin, liver, testis, brain, and skeletal muscle as well as tumor tissue such as melanoma and hepatocellular carcinoma (2, 83, 138) , and clinical trials have been performed to test this therapy on melanoma, squamous cell carcinoma, and basal cell carcinoma (23) . Animal and human studies have reported response rates of 45 to 99%. Due to its ability to express plasmid DNA for long periods, skeletal muscle has been frequently used in electroporation experiments for purposes ranging from reporter gene expression and cytokine expression to Ag expression for vaccines. Studies have also shown that electroporation can be used to deliver plasmid DNA in multiple treatments without causing adverse side effects. Although pain elicitation on electroporation has been reported by a segment of the patient population (166), experimental studies examining the pain response to electroporation in animals have not been done.
In vivo electroporation is capable of delivering plasmid DNA as an antitumor agent. This approach has been used for treatment of hepatocellular carcinomas, adenocarcinoma, breast tumors, and B16-F10 melanoma in rodent models. In the B16-F10 melanoma model, cures of established tumors with resistance to challenge has been demonstrated (82). Lohr et al. compared delivery by electroporation with the use of adenovirus vectors and found that electroporation was effective in delivering plasmid coding for interleukin-12 (IL-112) (119) . Recent studies have shown that electroporation is capable of efficiently delivering plasmid DNA to the skin. These studies demonstrated the feasibility of using this approach for DNA vaccination or for increasing the levels of a specific protein in serum. Delivery was successful in several models including rodents, pigs, and primates. Expression in these models was enhanced as much as 100-fold.
Delivery of plasmids by electroporation was found to enhance Ag expression in mice, guinea pigs, and rabbits (188, 203) and, more recently, in pigs (13) . The immunogenicity of a potent HIV gag DNA vaccine was increased in mice, as seen by higher Ab titers, a substantial reduction in the dose of DNA required to induce an Ab response, and an increase in CD8 T-cell responses (203) . The precise mechanism for the observed enhancement in the potency of DNA vaccines using electroporation is not yet known. One explanation could be the availability of higher levels of Ag for priming immune responses as a consequence of increased expression of encoded Ag in transfected myocytes. Electroporation appears to be well tolerated by the animals and is a simple technique that takes only a few seconds after inoculation.
These reports show the feasibility of electroporation for the delivery of plasmid DNA encoding therapeutic molecules. Therefore, such delivery systems may have utility for the delivery of potential HIV-1 vaccines. However, there has been some concern that electroporation could result in the integration of DNA from the plasmid into the host genome. If this were the case, it would effectively limit the utility of electroporation for the delivery of prophylactic DNA vaccines and could limit its utility for therapeutic vaccine purposes as well. It will be important to specifically address the question of integration.
EARLY TRIALS OF DNA-BASED VACCINES
The first DNA vaccines to be tested in humans were HIV-1 vaccines (125) . Several groups have subsequently been directing their efforts toward developing DNA vaccines for HIV-1. DNA vaccination with HIV-1 Env-encoding plasmids was first shown to elicit Env-specific humoral and cellular immune responses in mice (122, 195, 198) and macaques (196) . The immune responses in these studies were dose dependent, could be boosted, and were long-lived (greater than 6 months) (174, 175) . Chimpanzees vaccinated with DNA plasmids containing HIV-1 env and gag/pol were completely protected against highdose challenge with the SF2 strain of HIV-1 (30) . However, since HIV-1 SF2 replication in chimpanzees occurs at very low levels and is nonpathogenic, the significance of this study remains uncertain (95) . Rhesus macaques, immunized six times with DNA encoding SIV Env, still remained unprotected against intravenous challenge with the virulent SIV mac251 isolate (121, 125) . However, the viral load was reduced and pathogenicity was attenuated in the vaccinated animals. Another study showed that DNA vaccination of pigtail macaques decreased viral loads following intrarectal challenge with SIV mne , a viral isolate of intermediate pathogenicity (77) . Hence, while DNA vaccination with HIV-1 or SIV antigens elicited humoral and cellular immune responses in nonhuman primates, the immune responses did not protect primates against infection by a pathogenic viral challenge. However, these vaccines could protect in a nonpathogenic primate model and could affect the viral load to various degrees following challenge.
One limitation of DNA vaccines in most of these early studies was a lack of induction of a robust immune response due to insufficient uptake and expression of DNA. For HIV DNA vaccines, the problem of insufficient gene expression has been further exacerbated due to the inefficient expression of HIV-1 mRNAs outside of the context of the HIV-1 genome. Newgeneration DNA vaccines have circumvented this problem by using Rev and the Rev-responsive elements to facilitate the expression of HIV-1 mRNAs. In fact, Rev-dependent subgenomic splicing can now be used to express multiple HIV-1 proteins from single transcripts (9) and has the potential for expressing noninfectious virus-like particles (122) . Still higher levels of HIV-1 gene expression have been achieved by optimizing the HIV-1 genes for the codons that are used most frequently in human cells (219) . Such codon-optimized sequences can achieve exceptionally high levels of gene expression by designing transcripts as a single, efficiently translated mRNA. Codon-optimized sequences are designed to express either single-gene products (20) or fusion proteins (91) . The majority of the codon-optimized vaccines under development have used the group-specific Ag (Gag) protein that is a major target for CD8 T cells in long-term nonprogressors (155) . Other approaches tested to improve the potency of DNA vaccines have involved the use of use genetic adjuvants (44), conventional adjuvants (176) , microspheres that increase DNA transfer to APCs (181), in vivo electroporation (203) , immunostimulatory sequences such as CpG in the plasmid or vector modification to enhance Ag expression (91) , peptides that target the Ag to sites of immune response induction (53) , and codelivery of plasmids activating the death pathway (41, 168) . Conventional adjuvants, such as alum and block copolymers, have not markedly increased the efficacy of DNA-based vaccines for HIV (176) . However, a new adjuvant, IL-2/Ig, containing IL-2 fused to the heavy chain of immunoglobulin to increase the half-life of IL-2 activity, has been developed (21) . When delivered either as a protein or as a genetic adjuvant in monkeys, IL-2/Ig enhanced DNA vaccine-elicited HIV-1 Envand Gag-specific Ab and CTL responses (20) .
Immunomodulators
One strategy that has been extensively applied to augment DNA vaccine-elicited immune responses to a broad range of Ag including hepatitis B virus, hepatitis C virus, HIV-1, influenza virus, Plasmodium, and Leishmania is the coadministration of plasmids encoding immunomodulator molecules such as cytokines, chemokines, costimulatory molecules, and adhesion molecules. Coinoculation of granulocyte-macrophage colony-stimulating factor (207, 150) , IL-2 (208), IL-12 (96) , and IL-15 (18, 100, 209) along with HIV DNA vaccines was shown to enhance the cellular immune responses to HIV-1 Ags in mice. Intramuscular delivery of IL-12 cDNA significantly increased the percentage of activated lymphocytes (expressing Ly6, a T-cell activation marker) in a herpesvirus-infected mouse model system (178 (102) . Other studies (97, 98, 99, 101, 123, 210) have indicated an augmentation of HIV-1-specific responses in mice after coimmunization with plasmids expressing the costimulatory molecule B7-2, the adhesion molecules ICAM-1 and LFA-3, and the chemokines RANTES, MIP-1␣, and monocyte chemotactic protein 1 along with HIV DNA vaccines. It is clear from this brief discussion that there are many interesting options for improving the potency of DNA vaccines.
Prime-Boost Strategies
The combination of vaccination modalities is now widely used to enhance specific protective immune responses in nonhuman primates. DNA-primed responses can be boosted with live recombinant vectors or proteins in various prime-boost strategies. DNA priming followed by Env IIIB protein boosting increased antibody responses and successfully protected rhesus macaques against challenge with the nonpathogenic SHIV-IIIB (112); however, in a similar study, cynomolgous monkeys boosted with protein following DNA immunization were not protected against a nonpathogenic SHIV-Lai challenge (159) . Protein boosting has not been able to generate broadly reactive neutralizing-Ab responses or provide protection against diverse pathogenic viruses, although it appears to augment the neutralizing-Ab responses to T-cell-line-adapted nonpathogenic viruses. The first finding of increased immunogenicity following the consecutive use of DNA and an attenuated virus was with mice when vectors carrying the HA gene of influenza virus were used. The efficiency of priming with DNA followed by boosting with a live vector is due to the DNA focusing the immune response on the vaccine Ags. Since the DNA is nonimmunogenic itself, immunity is elicited primarily to the encoded Ags. This is in contrast to approaches such as the live vector system, where immunity is elicited to both the vector and the vaccine Ag, leading to an overall dilution of vaccineelicited protective immunity. The use of a live vector as the booster enhances the DNA-primed immune response both by expressing larger amounts of Ag and by stimulating a proinflammatory response that augments immunity. Live-virus vectors that have the ability to infect professional Ag-presenting DCs (217) such as MVA (6) or rAd5 (8, 10, 176) are now used to boost DNA-primed responses against HIV Ags with higher efficiency (36) .
CURRENT EXCITEMENT ABOUT DNA VACCINE STRATEGIES
Some DNA-based approaches have generated significant interest due to their results, particularly in nonhuman primate models of infection. Adjuvanted DNA vaccines (20) and DNAprimed live-virus vector-boosted vaccines (prime-boost) (9, 176) designed to raise high levels of CD8 T cells have been shown to control the viral load following challenge in rhesus macaques from pathogenic SHIV hybrids (164) . Most of these vaccines have used SIV Gag-Pol and HIV-1 Env 89.6 or 89.6P as immunogens, and the animals were challenged with the pathogenic SHIV 89.6P, which usually kills the majority of nonvaccinated control animals within 6 months (94). Challenges have been performed between 6 weeks (176) and 7 months (7, 9, 10) after the final immunization and have been administered by both intravenous (20, 176) and intrarectal routes (9, 10) . All of the vaccinated animals were infected but rapidly controlled their plasma viral loads at or below the level of detection (500 to 1,000 copies per ml of plasma) by 8 to 12 weeks. More than 80% of the control animals at close to 2 years after the SHIV challenge lost their CD4 cells and succumbed to AIDS, whereas a majority of the vaccinated animals maintained their CD4 cells, controlled their levels of virus, and have not yet progressed toward AIDS. Vaccinated animals registered an early and rapid expansion of antiviral T cells and a delayed appearance of neutralizing Abs, suggesting a crucial role for CD8 T cells early in the viral control (9, 20) . However, a recent follow-up study (17) showed that there could be escape from this protection. An additional 3-year study of macaques immunized with DNA encoding SIV Gag and challenged with heterologous SIV demonstrated waning immune responses and serial breakthroughs in viral replication in study animals after an initial control of the plasma viral load for 1 to 2 years (18) . These studies collectively suggest that more work is needed for a DNA approach alone or a DNA prime followed by a viral vector boost to completely control the pathogenic challenge in these model systems. However, these studies (9, 20, 30) have clearly brought us closer to the dream of a potent DNA vaccine approach to HIV-1.
DNA VACCINE CLINICAL STUDY
The first DNA vaccine to be tested in the clinic was for HIV-1 in the context of immune therapy (125) . Since that time, there have been several clinical studies for both prophylaxis and immune therapy of HIV. Structural genes for subtype B have been tested, as have cocktails of the regulatory genes tat, rev, and nef, in immune therapy (103) . In addition, in the area of prophylaxis, both structural genes (126) and epitope-based approaches (79) have been tested. Importantly, these collective studies involving several hundred persons are establishing that DNA approaches appear very well tolerated in humans. No study has reported a single significant adverse event. Of relevance is that these vaccines have been immunogenic in humans to various degrees. In the therapy situation, some evidence for increases in cellular immunity have been reported (103); however, effects on viral load are still awaiting confirmation. In the prophylaxis trial, Ab responses have been very low to nonexistent. CD4 T-cell responses have been observed with reasonable frequency, but overall the CD8 T-cell responses have not been as strong as is probably necessary to effectively control the infection. It is clear that the most important area of focus for the further clinical development of this technology is to improve the immune potency of the next generation of plasmid vaccines. In this regard, there is much interest in testing newer prime-boost studies, where DNA priming is followed by a live MVA vector boost (8) or a live adenovirus vector boost (176, 213) . Many of these studies will include optimized DNA vectors. Preliminary results from a phase I study that tested HIV-1 gag-specific inmmune responses in uninfected humans immunized with nonadjuvanted HIV-1 gag DNA vaccines or HIV-1 gag-expressing Ad5 were recently announced. Both vaccines appear to be well tolerated by volunteers and also are able to successfully elicit cross-clade anti-gag responses. The Ad5 vaccine was more immunogenic than the DNA vaccine at all doses tested since even at high doses of DNA vaccine (5 mg) administered, anti-gag immune responses were observed in fewer than half of the individuals in the study group even at week 30 following immunization. Recent studies have shown consistent and strong CTL responses to gag in macaques immunized with DNA-CRL 1005-adjuvanted gag plasmids and boosted with rAd5 encoding gag (36) . These studies do establish that a significant percentage of humans respond to both the DNA and adenovirus approaches, and more evaluation of more potent DNA vaccines is clearly warranted. In this regard, novel approaches testing the codelivery of gene adjuvants such as the IL-2/Ig vectors (20) along with the HIV Ag vectors, should be mentioned. Additionally, there are plans to use more potent Th1 cytokine adjuvants such as IL-12 or IL-15 for clinical evaluation (96, 100) . The goal for use of these new HIV vaccines should be to drive greater CD8 T-cell responses in a broad segment of vaccine recipients. It is hoped that ultimately the frequency of CD8 T-cell responses in vaccine recipients can break the 50% response rate barrier and move closer to a more comfortable range around 80%. These exciting studies will closely be watched over the next few years.
FUTURE DIRECTIONS Multiple Epitopes
Approximately 200 T-cell epitopes specific for various genes of HIV have been mapped in humans. The use of viral peptide pools to enumerate antigen-specific CD4 and CD8 T-cell responses in vitro regardless of the HLA type has helped to assess the contribution of various HIV-1 proteins in disease control in long-term nonprogressors (individuals who have controlled virus replication and maintained plasma virus loads at 3,000 copies or less per ml of plasma for several years). Gag, Nef, and Env proteins were demonstrated through these studies to account for the majority of the T-cell response. A recent study designed to evaluate the requirement for Env in a DNArMVA vaccine revealed that Gag-Pol-Env immunization was far superior in controlling subsequent infection than was GagPol immunization alone (7) . Following Gag-Pol immunization, only 7 of 12 animals managed to control the challenge infection, whereas following Gag-Pol-Env immunization, 23 of 24 animals controlled virus replication, suggesting a crucial role for Env. Another recent study (142) with a pathogenic macaque SIV challenge model used a multiplasmid DNA vaccine consisting of Gag-Pol/Env-Rev to demonstrate a greater protection from CD4 loss as well as lower viral loads in immunized macaques as opposed to control animals. This study further highlights the importance of including multiple Ags of HIV-1 in designing DNA vaccines to enhance vaccine-conferred protection in a challenge context (Fig. 4) . Given the high diversity of HIV-1 isolates and their frequent escape from immune control (17) , it would be advantageous to include multiple HIV genes to elicit a broad and a more universal immune response. Furthermore, the use of "epitope string" approaches is also under investigation (146) .
Enhancing Memory Responses
The mechanisms of T-cell priming with DNA vaccination are not well understood, whether by direct transfection, indirectly through cross-presentation or both. Also, the types of effector and memory T cells that are formed and the duration of Ag expression following DNA vaccination are not known. The efficacy of vaccines can be enhanced by selectively modulating a particular stage of a T-cell response. For instance, increased levels of IL-4, IL-7, or IL-15 in vivo can increase the numbers of Ag-specific CD4 and CD8 T cells, and IL-15 can enhance protective immunity (179, 127, 212) . Furthermore, IL-15 has been shown to increase the proliferation of CD8 memory T cells without having a comparable effect on CD4 cells (215) . Thus inclusion of IL-15 along with the vaccine Ag in a DNA vaccine to specifically magnify CD8 memory is now being actively pursued in the design of several HIV vaccines (Fig. 4) . Whether coadministration of these cytokines can have lasting effects on the generation or maintenance of Ag-specific memory T cells needs to be investigated further. It might be possible to increase the proliferation of effector T-cell populations by modulating the factors that regulate Ag-independent cell division. This would be particularly helpful in cases where Ag distribution by a vaccine is limited or short-lived. Alternatively, it might be possible to reduce effector cell death, thereby increasing the number of memory T cells that are formed. In CD154 (CD40L)-deficient mice, effector CD8 T-cell death is enhanced and the mice display a nearly 10-fold reduction in Ag-specific memory T cells after lymphocytic choriomeningitis virus infection. Interestingly, however, the lack of CD154 has no effect on CD8 T-cell clonal expansion (29, 202) . Therefore, coadministration of CD40L may enhance CD40-CD154 interactions and specifically modulate the effector contraction phase (180) (Fig. 4) . Several candidate approaches to enhance T-cell memory are currently under trial and show promise. These strategies will, however, be challenging because of a lack of understanding of the precise signals and mechanisms that regulate the various stages of T-cell differentiation.
Targeting DCs
DCs are the key professional APC needed to initiate a cellular immune response by naive T cells. Fusion of Ag to CTLA-4, which binds CD80/CD86 on APCs, directs the fusion Ag to the APCs. This strategy was successfully employed to confer protection in sheep rechallenged with Corynebacterium pseudotropicali (39) and recently in enhancing Ab responses to an Ag derived from Taenia ovis in mice (53) . The kinetics of the Ab response generated following CTLA-4-targeted DNA vaccination was also significantly greater than that achieved with nontargeted DNA vaccination or with adjuvanted protein vaccination in this study (53) . The application of CTLA-4 targeting of HIV DNA vaccines requires further investigation. Strategies are being developed to expand DCs in vivo with cytokines and other agents such as Flt-3 ligand. A recent study (27) demonstrated for the first time that mice immunized with DNA encoding gp120 fused with proinflammatory chemoattractants of immature DCs, such as ␤-defensin 2, MCP-3/ CCL7, or macrophage-derived chemokine (MDC/CCL22), elicited high titers of both neutralizing and nonneutralizing anti-Env antibodies. Immune sera inhibited HIV-1 Env-mediated cell fusion and infection by pseudotype virus expressing the same Env as well as infection by pseudotype viruses expressing various other Env proteins (89.6;R5X4, NL4-3;R5, and JRFL;R5), despite different coreceptor usage. Responses required the physical linkage of gp120 with the chemokine, since there was a lack of immune response following immunization of mice with DNA encoding a free mixture of chemokine and gp120; this result is in contrast to an earlier study that reported an adjuvant effect of the chemokine moiety in the absence of physical linkage with the Ag (100). Although the DNA vaccine in this study was delivered into skin by gene gun immunization, significant CD8 CTL activity was detected in both the spleen and Peyer's patches, suggesting induction of both systemic and mucosal immune responses. In addition to targeting gp120 to chemokine receptors on professional APCs, it has been proposed that chemokine or defensin fusion proteins may stimulate surface expression of costimulatory molecules and synthesis of proinflammatory cytokines by subsets of immature DCs in vivo. Additionally, chemokines could differentially attract Th1 or Th2 cells, thus modulating immunity. An understanding of the mechanism of immunity elicited by these gp120-chemokine or gp-120 defensin fusion proteins is required. Another strategy under consideration to enhance APC function is to administer HIV DNA-based vaccines with IL-12 as a genetic adjuvant (96) and use an appropriate recombinant 
Newer Plasmid Delivery Systems
The recombinant VSV (rVSV), a minus-strand RNA virus, is undergoing substantial modification to increase its utility as a vaccine vector. rVSVs were shown to elicit a high level of primary CD8 responses to HIV Ags when used as vaccine vectors (75) and could also protect rhesus macaques from a pathogenic SHIV infection (167) . rVSVs in which different serotypes of VSV-G are exchanged for the standard Indiana serotype G (glycoprotein exchange vectors) have now been developed to eliminate neutralization of the VSV vector when used as boosters (76) . Gag-specific CTL responses were increased on immunization with plasmids encoding HIV-1 Gag particles pseudotyped with VSV-G (76) . Following an in vitro observation that uptake of HIV-1 virions bearing either HIV-1 or VSV-G could result in presentation of HIV-1 Gag epitopes on MHC class I molecules in the absence of viral protein synthesis in primary human DCs and macrophages (exogenous presentation by cross-priming) (32), VSV-G envelope pseudotyped Gag particles were developed and used as DNA vaccines to increase Ag uptake after DNA-based immunization by taking advantage of the fusogenic activity and receptor-mediated entry into cells in vivo. Such VSV-G-pseudotyped Gag particles entered both the MHC class I and II processing pathways. In contrast, naked Gag particles entered only the MHC class II processing pathway. Hence, one could combine DNA-based immunization and nonreplicating pseudotyped virus when designing vaccines to deliver HIV-1 Ag to the immune system in vivo. Additionally, one could potentially enhance the primary responses elicited by VSV-G pseudotyped HIV-1 DNA vaccines by using the modified VSV-G booster that is resistant to neutralization. Gag-LAMP-1 fusion proteins have been administered intramuscularly as DNA vaccines in mice in a recent study (128) . Unmodified Gag was shown to be highly expressed as a Gag-LAMP-1 fusion protein in immunized animals, and the vaccine was able to stimulate Gag-specific CD4 helper responses by being targeted to the endosomal MHC class II pathway of processing and Ag presentation. Another recent study demonstrated that boosting the Gag-encoding DNA plasmid with Gag protein adsorbed to polylactide coglycolide particles (PLG) enhanced the immunogenicity of the priming vaccine as well as eliciting broad and sustained CTL CD4 helper responses and anti-Gag Ab responses in rhesus macaques (151) . This synergy with Gag DNA priming and Gag-PLG boosting provides yet another strategy to elicit protective immune responses while circumventing the need for a live vector boost. Further optimization of these strategies in nonhuman primate models is eagerly awaited and will open up exciting possibilities for the development of strategies for producing HIV-1 DNA vaccines for humans.
Novel Adjuvants
The influence of adjuvants on the dynamics and durability of T-cell responses to candidate HIV vaccines was assessed in a recent study (37) . Codon-optimized sequences from the HIV gag gene were inserted into DNA vaccine vectors in a manner so as to express the coding sequence with or without the tissue plasminogen activator leader sequence. The vaccines were delivered as plasmid DNA without adjuvant or as plasmid DNA formulated with a novel block copolymer adjuvant (CRL8623). This study reported a persistent cell-mediated immune response in rhesus macaques for at least 18 months following a four-dose vaccination regimen. Both CRL8623 adjuvanted and nonadjuvanted plasmid vaccines were immunogenic; however, the adjuvanted formulation elicited enhanced T-cell responses, with a bias toward more Ag-specific CD8 T cells. This approach has now been moved to clinical evaluation. A more recent study (15) with mice demonstrated a higher level of Ab and CTL responses to HIV-1 gp120 when the plasmid was administered along with the catalytic domain of the cholera toxin as an adjuvant than that obtained when the gp120 plasmid was administered alone. Concomitant with the development of conformationally constrained envelope immunogens (see below), the development of such novel adjuvants provide a means of enhancing and sustaining immune responses elicited against these plasmid immunogens.
Structured Envelope Vaccines
Since envelope glycoproteins exist as oligomers on the native virus, attempts are being made to develop a variety of stable oligomeric envelope proteins for evaluation as immunogens (64) . The HIV-1 envelope undergoes a series of conformational changes during the process of viral fusion to the cell membrane (107) , and attempts are being made to develop subunit immunogens that mimic the fusion intermediate forms of the envelope (Fig. 2) . Elegant mutagenic and crystal structure studies of the HIV-1 envelope gp120 are increasing our understanding of the range of confirmations available to these glycoproteins and have also demonstrated that designing mutated envelopes with restricted conformational flexibility may be one way to achieve an efficient response to these immunogens (137, 206) .
Plasmid expression vectors can be easily modified to express these various forms of HIV envelope proteins, allowing a rapid assessment of these vaccine candidates. Some innovative studies with mice have used mutated envelopes as plasmid immunogens to elicit both neutralizing-antibody responses to the envelope as well as CTL responses to the immunogen (38) . This is clearly an important and an exciting area. If a structural immunogen is developed that does induce cross-reactive neutralizing responses, its inclusion in current DNA approaches should be evaluated.
Contending with Diversity and Enhancing
Cross-Clade Protection
While most current HIV vaccines have shown the ability to control homologous challenges, their ability to control a heterologous challenge is yet to be demonstrated. Based on the data available from the Los Alamos database for known T-cell epitopes, perfect conservation varies from 88% for the least variable protein (p24) to 46% for the most variable protein (gp120) (24) within clade B. This level of variation poses a potential problem for these vaccines even as they progress VOL. 17, 2004 DNA VACCINES AGAINST HIV-1 383
on February 23, 2013 by PENN STATE UNIV http://cmr.asm.org/ through human efficacy trials. Currently, candidate gp120 subunit vaccines derived from isolates (164) are now in phase III efficacy trials (49) , and it is hoped that they will be sufficiently cross-reactive to protect against circulating viruses. Given that HIV-1 envelope proteins can differ in more than 30% of their amino acids, this may be exceedingly optimistic. One way to overcome the problem of strain variability would be to use vaccines that represent several different subtypes. This approach that is now under active development (70, 73) . Epitope enhancement via generation of a chimeric peptide sequence between different strains of the virus can be yet another strategy to elicit more broadly cross-reactive T cells. This strategy was effectively applied in the generation of a broadly cross-reactive CTL that recognized multiple strains of HIV for a CTL epitope from a variable segment of the HIV envelope protein, by substituting one T-cell receptor-interacting residue from one strain with that from another (185) . Furthermore, such cross-reactive components of the repertoire can be preferentially induced by an appropriate manipulation of the amino acid sequence of the epitope, thus allowing a better representation of all possible clones in the repertoire that may otherwise be dominated by type-specific clones (Fig.  4) . Finally, since an effective HIV vaccine must elicit Abs that bind to neutralizing determinants from a variety of HIV envelopes, it has been suggested that polyvalent envelopes should be assessed as potential immunogens.
Expression of several MHC class I alleles has been demonstrated to confer a protective effect against disease progression in both HIV-1 and SIV infection. A very recent study (216) with a SHIV-macaque model indicated a significant attenuation of disease progression in Mamu-A(*)01-positive rhesus monkeys infected with the highly pathogenic SHIV 89.6P. This correlated with a Mamu-A(*)01-restricted dominant CTL response, a lower viral load in lymph nodes, and preservation of lymph node structure during early infection. In contrast, Mamu-A(*)01-negative monkeys exhibited massive destruction of lymphoid tissue and rapid disease progression. These findings additionally support the requirement for an effective AIDS vaccine to elicit CTL responses that protect lymphoid tissue from HIV-mediated destruction early after infection and show that appropriate vaccine studies should be designed to segregate rather than concentrate MHC genotypes in order to prevent study bias. However, replication of this study by other laboratories will be important to generalize this study.
CONCLUSIONS
With accumulating evidence for the importance of CTLs in containing HIV spread in infected individuals, a number of vaccine strategies are being pursued for the elicitation of these immune effector cells. DNA-based strategies, in particular, have shown great promise and potential for further development as HIV vaccines. The new vectors and vaccination modalities including DNA-rMVA, DNA-rAd5, DNA/IL-2/Ig, and DNA with other cytokines are currently entering phase I clinical trials. These vaccination modalities have been chosen for their ability to raise reasonable titers of immune responses in animal models and for their impact on protection outcomes in nonhuman primate models. There is a growing conviction now that vaccine modalities such as DNA-based immunization will result in control and slower disease progression, if not clean prevention of infection. The simplest approach to plasmid vaccination originally reported over 10 years (165, 186, 192, 198) ago has grown in scope and in complexity of design. The current generation of DNA vaccines includes many very exciting ones that have captured the scientific imagination. As we move forward through the next decade of advances, we can hope that the 20-year review will see the description of many phase III studies of DNA-based approaches to HIV prophylaxis with, hopefully, at least some significant efficacy.
